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I.  INTRODUCTION 


The  amidogen  (NHj)  radical  has  been  a  subject  of  extensive  experimental 
and  theoretical  investigations  since  the  discovery  of  its  emission  spectrum 
more  than  a  century  in>  The  two  electronic  states  involved  in  the  visible 
transition,  AZA,  and  XzBp  result  from  the  Renner-Teller  interaction;Z  that 
is,  these  two  electronic  states  correlate  with  the  doubly  degenerate  z*  state 
of  the  molecule  in  its  linear  configuration.  Because  the  molecule  is  bent 
the  w  degeneracy  is  lifted,  giving  rise  to  the  widely  separated  states  ZA^  and 
ZBj  of  Cjv  symmetry.  The  ground  state  ZBj  is  bent  with  an  equilibrium  bond 
angle  of  ~1Q3*  and  the  upper  state  ZA^  is  quasi-linear  with  a  bond  angle  of 
about  145*.  Aside  from  the  interest  in  effects  of  the  Renner-Teller 
interaction  on  the  molecular  structure,  there  is  a  great  deal  of  interest  in 
NH2  because  it  plays  an  important  role  in  atmospheric  and  combustion 
chemistry.  6  NH-  is  also  believed  to  play  a  central  role  in  the  "thermal 
de-NO  "  process'-^  wherein  NHo  is  added  to  combustion  effluents  to  remove  NO 


from  exhaust  gases. 


The  absorption  spectrum  of  NHj  was  first  observed  in  the  wavelength 
region  3900-830QA  during  the  flash  photolysis  of  ammonia^  and  hydrazine.11 
Dressier  and  Ramsay2  later  performed  a  detailed  rotational  and  vibrations1 
analysis  of  the  absorption  spectra  of  NHj  and  NDj  arising  from  the  A-X 
transition  in  this  region.  Johns,  Ramsay  and  Ross12  have  extended  the 
analysis  to  the  long  wavelength  end  of  the  spectrum  and  have  identified  all 
the  low-lying  bending  vibronic  levels  of  the  excited  state  up  to  v.^8. 

Because  of  the  complexity  of  the  emission  spectrum,  no  detailed  analysis  has 
been  perfoneed.  Laser  induced  fluorescence  (LIF)  has  been  used  to  simplify 
the  complex  emission  spectrum.  In  1975,  Kroll13  used  this  technique  to  obtain 
approximate  molecular  constants  for  the  (0,0,0),  (0,1,0),  (0,2,0),  (1,0,0), 
(1,1,0),  and  (0,4,0)  vibrational  levels  of  the  ground  state.  In  addition, 
collisional  dynamics  of  the  excited  state  were  studied.  Vervloet  and 
Merienne-Lafore1  and  Vervloet,  Her ienne-Lafore  and  Ramsay1^  also  used  LIF  to 
aid  in  the  analysis  of  the  complex  emission  spectrum.  LIF  has  also  been  used 
for  the  measurement  of  radiative  lifetimes  of  several  of  the  excited  state 
vibrational  levels.  *  Xiang,  et  al.,  9  have  used  LIF  on  NH2  to  study  its 
reaction  with  NOj  and  vibrational  deactivation  by  CH^NIU  and  NH-..  Besides 

b  ^  I  Alt!  _ L b I  .* I  I *  £ _ J Y__  • 1  _ 


these  techniques,  NH2  has  been  studied  by  infrared  matrix  isolation 
spectroscopy,  microwave-optical  double  resonance,21  difference  frequency 
laser  spectroscopy,  infrared-optical  double  resonance2-3  and  coherent 
antistokes  Raman  spectroscopy.  Combined  analyses  of  all  the  available  data 


from  the  optical  to  the  microwave  region  has  resulted  in  very  accurate 
molecular  parameters.  ' 


As  mentioned  previously,  LIF  is  useful  in  that  it  simplifies  the  analysis 
of  the  complex  emission  spectrum.  This  technique  is  also  a  very  powerful 
method  for  the  detection  of  trace  species  in  combustion  systems  because  of  its 
high  sensitivity  and  selectivity.2'  Usually,  tunable  dye  lasers  have  been 
used  to  excite  the  fluorescence.  However,  in  recent  work  in  this  laboratory 
it  has  been  shown  that  a  number  of  radicals  can  be  detected  by  LIF  using  the 
convenient  and  simpler  Ar  or  Kr*  ion  lasers.  In  addition,  Raman  spectroscopy 
can  be  used  simultaneously  to  obtain  majority  species  concentration  and 
temperature.  Coincidences  of  the  ion  laser  lines  with  molecular  transitions 
have  been  discovered  and  used  to  study  LIF  of  Cj  and  CN,  NCO,  and  OH  and 
NH  in  N,0  supported  flames.  NH_  has  previously  been  detected  in  ammonia 


ammonia 
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flames  both  by  absorption  '  and  by  L1F  using  tunable  dye  laser  sources. 

In  this  paper,  ve  report  the  excitation  of  NH2  fluorescence  using  the 
647 1A  line  of  a  Kr+  laser.  The  radical  is  present  in  all  N20  supported  flames 
which  we  have  studied,  namely  flames  of  1^,  CH^,  and  NH^.  Not  surprisingly, 
the  LIF  intensities  indicate  the  concentration  of  NH2  is  highest  in  the 
ammonia  flame.  These  flames  are  of  interest  because  N20  is  currently  believed 
to  be  of  importance  in  the  combustion  of  nitramine  and  double  base 
propellants.  ' The  H2  flame  is  of  most  interest  in  this  regard  b^ause  all 
of  the  hydrogen  reactions  in  this  flame  are  expected  to  occur  in  combustion  of 
the  propellants,  whereas  reactions  of  CH^  and  NHj  are  probably  not 
significant.  This  paper  will  center  around  two  major  issues.  First,  the 
identification  of  the  pump  transition  is  obtained  using  spectra  from  the  NH^ 
flame.  The  second  issue  is  the  determination  of  NH2  density  in  a  flame  from 
the  fluorescence  signal  obtained  using  the  ion  laser.  For  purposes  of 
demonstration,  an  accurate  relative  density  profile  through  the  reaction  zone 
of  a  rich  H2/N20/N2  flame  and  an  estimate  of  the  absolute  NH2  density  in  the 
flame  will  be  presented.  (Profiles  for  several  other  species  in  H2/N20  flames 
ranging  from  lean  to  stoichiometric  mixture  ratios  are  given  in  Ref.  Z8b). 


II.  EXPERIMENTAL 

The  experiment  has  been  described  in  detail  previously-*®  and  will  only  be 
briefly  discussed  here.  Slightly  rich  premixed  flames  of  fuel  gases  and 
nitrous  oxide  were  supported  on  an  open  channel  curved  knife-edge  burner.-*6 
The  burner  was  placed  at  the  intracavity  focus  of  a  krypton  ion  laser. 

Movement  of  this  burner  allows  easy  access  to  the  entire  flame  zone.  Since 
heat  losses  by  the  flame  to  this  burner  are  small,  the  adiabatic  flame 
temperature  is  generally  reached.  Radical  concentrations  for  the  burner  are 
therefore,  in  general,  higher  than  for  other  types  of  burner.  This  type  of 
burner  has  thus  been  found  to  be  extremely  useful  for  spectroscopic  studies  of 
radicals,  as  veil  as  determination  of  flame  profiles,  both  in  this  laboratory 
and  elsewhere. 

A  nominal  3W  (all  lines)  Kr*  ion  laser  was  used  as  the  excitation 
source.  The  laser  cavity  was  extended  using  two  highly  reflective  mirrors 
with  radii  of  curvature  1.0  and  0.3  m.  The  circulating  intracavity  laser 
power  was  about  50  watts.  This  power  level  is  well  below  that  required  to 
observe  effects  of  optical  saturation,  even  with  focusing.  For  the 
identification  of  the  NH2  pumping  transition,  the  scattered  light  was  focused 
onto  the  vertical  slit  of  a  1  m  monochromator.  The  monochromator  was  operated 
in  the  first  order  of  a  1200  groove/mm  grating  blazed  at  7500A  .  Since  the 
burner  and  laser  beam  have  their  long  axes  horizontal,  a  glass  dove  prism  was 
placed  in  front  of  the  slit  to  rotate  the  image  90*.  The  detected  light  comes 
from  a  volume  approximately  100  microns  in  diameter  and  3  ns  in  length.  A 
silicon-intensified  vidicon  tube  (OMA  11)  was  used  to  detect  the  dispersed 
light.  Approximately  50A  of  the  spectrum  could  be  observed  at  one  time  with 
this  system.  The  spectrum  was  recorded  into  500  memory  channels  of  the  OMA 
II.  The  resolution  was  about  0.7A.  For  the  measurement  of  density  and 
temperature  profiles  a  25  cm  monochromator  was  used.  Although  the  resolution 
of  this  system  is  lower,  use  of  the  smaller  monochromator  allows  for  the 
observation  of  about  400A  of  the  spectrum  at  a  time.  This  larger  observation 
range  is  useful  because  it  allows  simultaneous  recording  of  the  spontaneous 
Raman  anti-Stokes  signal  from  N2  (used  to  monitor  flame  temperature)  together 
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with  the  fluorescence  from  the  strongest  region  of  the  NH2  spectrum.  A 
computer  was  used  for  data  accumulation  and  processing.  For  a  typical  run, 
the  LIF  +  flame  emission  spectrum  was  first  obtained  (laser  on)  and  then  a 
spectrum  consisting  only  of  the  flame  emission  was  obtained  (laser  off).  The 
LIF  spectrum  was  obtained  by  differencing  these  spectra.  For  the  spectral 
investigations,  an  NH3/N2O/N2  flame  of  equivalence  ratio  $  »  1.6  was  used. 

The  dilution  with  N2  was  about  40%.  For  the  measurement  of  density  and 
temperature  profiles  in  a  I^/NjO/Nj  flame,  the  flows  were  measured  with  a  wet 
test  meter.  The  conditions  were  $  *  1.97  with  44%  dilution  by  N2* 

III.  RESULTS  AND  DISCUSSION 
A.  Interpretation  of  the  Fluorescence  Spectra 

Some  general  information  regarding  the  A-X  transition  of  NH2  may  prove 
useful  to  this  discussion.  In  the  ground  state,  NHj  is  a  bent,  highly 
asymmetric  top  molecule;  however,  in  high  vibrational  levels  of  the  excited 
state,  the  molecule  is  quasi-linear  and  behaves  like  it  has  2x  symmetry.2,3 
Owing  to  the  large  change  in  the  equilibrium  bond  angle  in  the  two  states,  the 
absorption  spectrum  shows  a  long  progression  in  the  bending  vibration,  v2(a^). 
Most  of  the  features  in  the  absorption  spectrum  arise  from  the  main 
progression  (0^2'  ,0)«-(0,0,0) .  The  strongest  bands  are  those  at  about  Vj'5^. 
In  addition,  a  subsidiary  progression,  (l.Vj'.O)  <-  (0,0,0),  has  also  been 
observed.  Dressier  and  Ramsay  showed  that  the  absorption  spectrum  consists  of 
type  C  bands  for  which  the  rotational  selection  rules  are  AN*0,  ±1,  AK  «±1, 

±3,  ...  and  AKC*0,  ±2,  ...  where  N  is  the  total  angular  momemtum  excluding 
spin.  The  transition  AZAj-  X2B^  is  allowed  by  dipole  selection  rules. 
Therefore  in  this  transition  the  non-totally  symmetric  vibration  Vj(b2)  must 
change  by  an  even  number  of  quanta,  but  the  totally  symmetric  vibrations 
Vj(aj)  and  ''-(aj)  can  change  by  any  number  of  quanta.  Another  important 
feature  of  the  spectrum  is  that  successive  rotational  lines  show  an 
alternation  in  the  intensities  because  of  the  nuclear  spin  symmetry  properties 
of  NH2 .  Since  the  H  nuclei  have  spin  1/2,  the  line  intensities  show  a  1:3 
alternation  similar  to  that  observed  for  H2.  ' 

In  the  excited  state,  Ka'  is  a  good  quantum  number  given  by  the  vector 
sum  of  the  orbital  angular  momentum  and  the  vibrational  angular  momentum, 
i.e.,  Kg'* l±A±£  |  •  In  this  case  A*l,  since  the  state  correlates  to  a  2it  state, 
and  l  is  given  by  v',  v'-2,  v'-4,  ...,  1  or  0  depending  on  whether  v'  is  even 
or  odd.  Thus,  for  odd  v',  Ka'«*0,  2,  4,  . ..,  v'-l  and,  for  even  v' ,  Kg'*1!,  3, 
5,  ...,  v'-l.  (Kfl’  *  v'+l  levels  are  not  observed  in  the  excited  state 
because,  as  demonstrated  in  Ref.  2,  these  levels  from  the  "original"  2ir  state 
of  linear  NH2  correlate  to  levels  in  the  XZB^  state  when  the  molecule  becomes 
bent.)  Large  vibronic  splittings  of  the  Ka'  levels  are  observed  due  to  the 
Renner-Teller  effect.  The  bands  with  Ka'“  0,  1,  2,  3,  4,  ...  are  referred  to 
as  I,  1,  ♦,  T,  ...  vibronic  subbands,  respectively.  In  the  following,  we 

will  show  that  the  647 1A  line  of  the  krypton  ion  laser  pumps  to  the  (0,11,0)1 
vibronic  level  of  the  excited  state. 

Several  years  ago  in  this  laboratory,  low  resolution  Raman  spectra 
(~4A  FWHM)  of  majority  species  in  CH^^O/Nj  flames  were  being  studied.38 
During  the  course  of  these  studies,  an  intense,  unidentified  fluorescence 
spectrum  was  observed  in  the  region  of  5430A  using  the  647 1A  line  of  the 
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krypton  ion  laser.  *  Under  low  resolution,  the  spectrum  appears  to  consist  of 
a  simple  P  and  R  branch  structure.  Therefore,  it  was  originally  thought  that 
the  fluorescence  might  be  due  to  a  AA*0  transition  of  some  linear  molecule. 
More  recently,  however,  spectra  have  been  taken  at  higher  resolution  using  the 
1  m  monochromator.  The  higher  resolution  spectrum  in  the  543QA  region  is  much 
more  complicated  than  originally  believed.  It  consists  of  a  series  of  lines 
of  highly  irregular  intensities  (see  Figure  1)  whose  interpretation  was  not 
immediately  obvious.  In  addition,  the  sensitivity  was  increased  by  averaging 
up  to  ~1000  OMA  scans.  It  was  thus  found  that,  although  the  5430A  region 
contains  the  most  intense  fluorescence  (uncorrected  for  detector  system 
response),  the  spectrum  extends  to  at  least  8050A .  It  should  be  noted  that 
the  region  of  the  laser  line  was  not  scanned  because  of  intense  interference 
from  laser  scatter.  Also,  at  wavelengths  longer  than  8000A  the  OMA 
sensitivity  becomes  too  small  to  allow  detection  of  all  but  the  strongest 
signals . 
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Figure  1.  The  (0 , 1 1 ,0)-(0, 0,0)1  band  of  the  A-X  transition  of  Nl^. 

The  fluorescence  was  excited  using  the  6471A  line  of  a  Kr+  laser. 

The  line  indicated  by  *  is  unidentified. 

At  first,  it  was  not  known  for  certain  that  HHj  was  responsible  for  the 
observed  spectrum.  A  preliminary  attempt  to  search  the  entire  spectrum  for 
patterns  of  lines  similar  to  that  in  the  5430A  region,  thus  helping  to 


identify  vibrational  spacings,  failed.  Definite  evidence  that  the  spectrum 
arises  from  NH2  was  obtained  from  the  observation  of  some  easily  recognized  Q 
heads  of  the  2A,-2B.  transition  in  both  the  flame  emission  and  LIP  spectra. 
They  occur  at  5708A  [(0,10,0)],  5977A  [(0,9,0)],  6302A  [(0,8,0)],  and  6620A 
[(0,7,0)].  (Here  the  notation  refers  to  the  excited  state  vibrational 
level.  This  notation  is  intended  to  indicate  that  (0,0,0)  is  the  ground  state 
level.)  Thereafter,  efforts  were  concentrated  upon  the  task  of  assigning  the 
pumping  transition  and,  especially,  the  intense  features  in  the  5430A  region. 
The  key  to  the  assignment  was  in  making  the  assumption  that  the  6471A  laser 
line  pumps  a  vibrational  hot  band  whose  excited  state  then  emits  to  the 
(0,0,0)  level  of  X2Bj.  The  shortest  wavelength  fluorescence  of  appreciable 
intensity,  i.e.,  that  of  the  5430A  region,  would  thus  be  ascribable  to  the 
laser  excited  state.  Upon  comparison  of  the  line  positions  with  those  in  Ref. 
2,  it  was  found  that  all  but  one  of  the  lines  in  this  region  coincide  with 
rotational  transitions  of  the  (0,ll,0)-(0,0,0)£  vibronic  subband  of  NH2,  thus 
firmly  identifying  the  emitter.  The  assignments  of  the  lines  are  given  in 
Figure  1.  This  band  is  rather  simple  in  comparison  to  others  for  two 
reasons.  First,  since  it  is  a  I  subband,  it  consists  of  only  three  strong 
branches,  PP^  and  PR,  u-l‘*  Second,  spin  splitting  of  lines  in 

this  subband  Is  so  small  that  only  single  lines  are  observed,  even  at  a 
resolution  of  a  few  tenths  of  a  cm-  . 

Upon  first  inspection  of  Figure  1,  it  appears  that  2q~  may  be  the  only 
upper  state  rotational  level  pumped  by  the  laser  because  the  202-312 
transition  is  much  more  intense  than  others  in  the  PP,  branch. 
Collisionally  induced  rotational  energy  transfer  woula  then  give  rise  to  the 
other  less  intense  peaks.  However,  if  both  the  Iqj  and  3qo  states  are 
populated  solely  by  rotational  energy  transfer,  it  is  difficult  to  explain  the 
much  higher  intensity  of  the  3o3“^13  as  compared  to  the  loi**2ll  transition. 

In  addition,  1Q1  and  3gj  are  ortho  levels  while  2q2  is  a  para  level.  Kroll13 
and  Halpern,  et  al.,  have  shown  that  energy  transfer  between  ortho  and  para 
states  is  extremely  slow,  much  as  it  is  for  H2*  These  observations  suggest 
that  both  the  2q2  and  3q^  excited  state  levels  are  being  pumped  simultaneously 
by  the  647 1A  laser  line.  This  conclusion  is  supported  by  the  following 
calculations.  It  is  a  simple  matter  to  determine  that  the  647 1A  line  is  in 
the  region  of  the  (0, 11 ,0)-(0,2,0)E  vibronic  transition.  Table  1  shows 
calculations  of  some  rotational  transitions  of  this  band.  (These  transitions 
were  calculated  in  the  following  manner.  Excited  state  term  values  were 
obtained  by  adding  the  appropriate  ground  state  term  values  to  the  transition 
frequencies  of  the  (0,11 ,0)-(0,0,0)£  band  of  Ref.  2.  Overlapped  lines  from 
Ref.  2  were  not  used.  In  this  note,  term  values  calculated  in  this  way  will 
be  referred  to  as  "measured"  term  values.  These  "measured"  term  values  were 
fitted  to  the  equation  F  -  TQ  ♦  BN(N+1)  -  DN2(N+1)2  +  HN3(N+1)3  to  check  for 
possible  deviations.  The  "measured"  term  value  calculated  using  the  2q2~1^q 
transition  was  rejected  since  it  differed  significantly  from  the  fitted 
value.  Multiple  determinations  of  the  same  excited  state  "measured"  term 
value  were  then  averaged.  The  unobserved  (0 , 1 1 ,0)-(0, 2 ,0)E  transitions  were 
calculated  from  the  appropriate  (0,2,0)  value  and  from  these  averaged 
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♦Here,  the  notation  follows  that  of  Ref.  2  and  refers  to 
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upper  state  term  values,  without  spin-splitting,  were  calculated  using  the 
constants  of  Ref.  26.  Note  that  for  the  excited  vibrational  level,  four 
parameters  in  the  term  value  equation  are  fitted.  The  remaining  higher  order 
centrifugal  distortion  constants  are  not  well  determined.  In  Ref.  2  only  the 
first  three  terms  were  used.  For  the  (0, 11, 0)E  level  we  found:  T  * 

18430.195  ±  0.026  cm-1,  B  -  8.9686  ±  0.0047  cm”1,  D  -  -8.08  ±  0.21  x  10”3  cm”1 
and  H  ■  -4.68  ±  0.24  x  10”  cm”1.)  These  computations  show  that  one  could 

reasonably  assume  that  the  laser  line  pumps  both  the  ^Q2~^12  an<1  303”313 
transitions  simultaneously  since  the  Doppler  broadening  at  the  flame 
temperature  (vide  infra)  is  about  0.12  cm”  .  Since  the  results  in  Table  1 
predict  that  the  laser  line  overlaps  the  former  transition  much  better  than 
the  latter,  they  are  qualitatively  in  good  agreement  with  the  intensity 
distribution  of  the  fluorescence  spectrum  of  Figure  1.  For  example,  in  the 
absorption  spectrum  of  Dressier  and  Ramsay,  the  2q2~3j^  is  ~2  times  weaker 
than  the  3q3”413  transition  and  the  2q2-1jq  *8  3”^  tlmea  weaker  than  the 
303”211  transl-“on*  *n  tlie  fluorescence  spectrum  of  Figure  1,  the  2q2 
transitions  are  much  more  intense  relative  to  the  3qj  transitions.  In  the 
PQl  „  branch,  all  of  the  lines  overlap  at  our  resolution,  resulting  in  a 
single,  strong  line.  The  remaining  lines  in  the  other  two  branches  must  arise 
from  rotational  energy  transfer  that  is  very  slow  compared  to  electronic 
quenching  by  flame  molecules  since  only  a  few,  very  weak  rotational  lines, 
other  than  those  arising  from  the  two  levels  directly  pumped  by  the  laser,  are 
observed.  Although  there  is  one  rather  strong,  unidentified  line  in  this 
region,  little  doubt  can  remain  regarding  the  NHj  pumping  mechanism.  Later  in 
this  section,  evidence  corroborating  that  the  unidentified  line  arises  from 
NH2  will  be  given.  In  addition,  the  location  of  the  laser  line  relative  to 
the  two  pumping  lines  will  be  determined  more  precisely  in  the  next  section. 


Table  1.  Calculated  Frequencies  of  Some  Rotational  Lines  of  the 


A2Aj  (0,11,0)1 

-  X2B|  (0,2,0)  Transition  of  NH2* 

Transition 

Frequency  (cm  1 ) 

101”111 

15450.30 

202“212 

15449.48 

303"313 

15449.30 

404'414 

15450.93 

505~515 

15455.29 

♦The  6471A  laser  line  corresponds  to  an  energy  of  15449.56  ±  0.12  cm”1.4® 


It  was  desirable  to  identify  more  bands  that  result  from  emission  of 
the  A^Aj  (0,11,0)1  level  to  the  ground  state  levels.  Two  of  these  bands  are 
located  in  the  regions  of  5910A  and  65f.i0A  .  They  are  the  (0 , 1 1 ,0)-(0, 1 ,0)  and 
(0,11,0)-(1,0,0)  bands,  respectively  (see  Figures  2  and  3).  There  are  many 
more  unknown  lines  in  these  bands,  which  explains  the  initial  difficulty 
encountered  in  attempts  to  identify  similar  patterns  of  the  various 
vibrational  bands  in  the  spectrum.  However,  if  these  unidentified  lines  are 
neglected,  the  similarity  of  these  bands  to  the  (0, 1 1 ,0)-(0, 0, 0)  band  is 
easily  recognized.  Fluorescence  from  the  (0,11,0)  excited  state  to  the 
(0,3,0),  (1,1,0)  and  (0,4,0)  ground  state  levels  was  also  observed.  These 
bands  (not  shown)  were  weak,  however,  and  in  some  cases  only  the  central  Q 
head  was  observed.  In  comparison  to  the  other  bands,  the  (0,11 ,0)-(0, 0,0) 
band  is  much  less  complicated.  This  band  has  a  very  high  S/N  ratio,  enabling 
us  to  identify  even  the  weakest  features,  i.e.,  the  Aq^-5,^  and  Aq^-312 
transitions,  unambiguously.  The  weak  lines  from  Iqj  and  4q^  indicate  that 
rotational  transfer  in  the  flame  environment  is  slow  in  comparison  to 
electronic  quenching. 


(0,11,  0)-(0,  1,0) 
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Figure  2.  The  (0 , 1 1 ,0)-(0 , 1 ,0)1  Band  of  the  A-X  Transition  of  NH2 

(as  in  Figure  1) 
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Figure  3.  The  (0, 1 1 ,0)-( 1 ,0 ,0)E  Band  of  the  A-X  Transition  of  NHj 

(as  in  Figure  1) 


To  conclude  this  section,  the  rest  of  the  spectrum  is  discussed  here.  It 
was  previously  mentioned  that  the  (0,10,0),  (0,9,0),  (0,8,0),  and  (0,7,0)  Q 
heads  were  identified  in  the  fluorescence  spectrum.  These  probably  arise  from 
collisionally  induced  vibrational  energy  transfer  in  the  excited  state  prior 
to  emission,  resulting  in  fluorescence  signals  of  NH^  over  the  entire  region 
from  5300A  to  ~8000A  where  the  detection  system  sensitivity  falls  off.  These 
bands  are  weak  in  comparison  to  bands  from  the  directly  pumped  vibrational 
level.  This  result  indicates  that  vibrational  transfer  is  small  in  comparison 
to  electronic  quenching,  in  agreement  with  the  results  of  Halpern,  et  al.,  b 
who  studied  NH2  in  the  presence  of  NHg  and  Ar,  and  of  Donnelly,  et  al.,  ^  who 
studied  NH2  in  pure  ammonia.  Unfortunately,  there  are  many  strong  and  sharp, 
unidentified  lines  (see  Figures  1-3),  most  of  which  lie  toward  the  long 
wavelength  end  of  the  spectrum.  Unassigned,  poorly  understood  lines  have 
often  been  observed  in  the  spectra  of  Nl^.  >12, 14a, 1  ,  ,  3,33  Dressier  and 

Ramsay  suggested  that  some  of  the  unidentified  lines  may  belong  to  bands  of 
other  progressions  or  even  to  bands  of  a  second  electronic  transition.  Some 
of  these  extra  lines  may  be  due  to  perturbations  of  the  upper  state  by  high 
vibrational  levels  of  the  ground  state.  '  Such  perturbations  could  not  be 
the  cause  of  the  unidentified  lines  shown  in  Figures  1-3  because,  although  all 
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three  bands  have  a  common  upper  vibrational  level,  none  of  the  unidentified 
lines  appears  in  the  same  position  in  all  three  bands.  There  are  at  least 
three  possible  explanations  for  these  lines:  (1)  More  NH2  transitions  than 
those  already  identified  are  pumped  by  the  laser.  Such  unknown  pumping 
transitions  could  easily  arise  from  an  excitation  of  a  band  in  which  both  Vj ' 
and  v^"  and/or  v^'  and  v^"  are  nonzero.  This  possibility  cannot  be  ruled  out 
because  nonzero  v^"  and  v^"  states  have  appreciable  populations  at  the  flame 
temperature.  Transitions  such  as  described  have  not  received  much,  if  any, 
study.  (2)  The  unidentified  lines  are  due  to  Fermi  type  interactions  amongst 
the  ground  state  vibrational  levels.  The  appearance  of  more  of  the 
unidentified  lines  towards  the  red  end  of  the  spectrum  would  then  appear  as 
the  logical  result  of  more  Fermi  resonances  being  possible  as  the  ground  state 
vibrational  energy  and,  hence,  density  of  vibrational  levels,  increases.  (3) 
At  least  one  species  besides  NH2  is  being  pumped  by  the  laser  and  gives  rise 
to  the  unknown  lines.  If  the  unidentified  line  in  the  5430A  region  (Figure  1) 
arises  from  said  species,  then  this  species  is  confined  to  the  flame  front  and 
its  density  is  roughly  proportional  to  that  of  NH2.  This  would  have  to  be  the 
case  because  spectra  taken  at  several  different  positions  in  the  flame  front 
show  that  the  intensity  of  this  unidentified  line  is  proportional  to  that  of 
the  other  lines  in  this  region  which  arise  from  NH2.  The  absolute  intensity 
of  the  NH2  lines  falls  rapidly  outside  the  flame  front  (vide  infra).  Along 
these  lines,  we  should  mention  that  in  the  CH^/N20/N2  flame  two  separate 
transitions  of  CN  are  known  to  be  excited.  One  of  these  pumps  to  v'e6  in  the 
A2rt  state.  Emission  from  v,a,6  and  lower  levels  populated  by  vibrational  down- 
transfer  dominates  the  spectrum  in  the  methane  flame  at  wavelengths  above 
6000A.  (The  CN  excitations  will  be  the  subject  of  future  publications). 

B.  NH2  Density  in  the  H2/N2O/N2  Flame 


A  detailed  description  of  the  methods  of  obtaining  temperature  and 
relative  concentration  profiles  has  been  given  earlier.  a  As  stated  in  the 
experimental  section,  use  of  the  25  cm  monochromator  system  allowed  for  the 
simultaneous  measurement  of  the  entire  (0,11,0)-(0,0,0)E  subband  of  NH2  along 
with  the  spontaneous  Raman  signal  from  the  anti-Stokes  vibrational  Q  branch  of 
N2»  Plots  of  these  spectra  as  a  function  of  vertical  position  in  the  flame 
appear  in  Figure  4.  The  strong  peaks  to  the  left  are  due  to  the  (0,11,0)- 
(0,0, 0)E  fluorescence  of  the  NH2,  seen  at  a  resolution  of  about  3A .  The 
smaller  peaks  to  the  right  are  the  antistokes  Raman  signal  of  N2»  Observe  the 
Raman  signal  as  one  traverses  the  flame  front.  In  the  unburnt  gases,  the 
signal  starts  out  as  a  single  band  due  to  the  1+0  vibrational  transition  of 
N2«  As  one  moves  toward  the  burnt  gas  region,  the  temperature  increases  and  a 
second  vibrational  band  from  the  2+1  transition  may  be  observed  to  the  right 
of  the  1+0  band.  A  multiparameter  least  squares  program,  similar  to  that  used 
previously  for  the  Stokes  signals,2®3  was  used  to  extract  the  flame 
temperature  as  a  function  of  position  from  these  anti-Stokes  signals.  The 
relative  intensity  from  the  NH2  signal,  integrated  over  the  band  shown  in 
Figure  4,  may  then  readily  be  used  to  obtain  an  accurate  relative  density 
profile  of  NH2  in  the  flame.  To  do  this  one  must  make  two  assumptions.  The 
first  is  that  the  quenching  rate,  Q,  for  excited  NH2  by  the  flame  molecules  is 
constant  as  a  function  of  position  in  the  flame.  Although  the  temperature  and 
species  concentrations  have  large  gradients  in  the  flame  zone,  work  on  OH 
and  CH4  in  flames  has  shown  that  large  variations  in  Q  do  not  occur  for  these 
species.  Since  it  may  be  shown  that  the  majority  of  the  LIF  measurements  are 


made  in  a  region  where  the  composition  is  mainly  that  of  burnt  gases,  this 
result  is  perhaps  not  too  surprising  and  is  generally  applicable  to  trace 
species  in  flames.  The  second  assumption  is  that  the  ground  state  NH2  is  in 
thermal  equilibrium  with  the  flame  gases.  Upon  making  these  assumptions  one 
finds  that  in  general  the  relative  density  profiles  closely  follow  the  LIF 
intensity  profiles^  a  so  that  the  latter  may  be  used  without  corrections. 
Figure  4  therefore  indicates  that  the  NHj  density  rapidly  rises  to  a  maximum 
and  then  decays  somewhat  more  slowly  as  one  traverses  the  flame  zone.  This  is 
seen  in  Figure  5  where  the  integrated  NHj  intensity  from  the  (0 , 1 1 ,0)-(0 ,0 ,0)1 
band  and  the  temperatures  are  shown  as  a  function  of  position  in  the  flame. 

The  adiabatic  flame  temperature  was  computed  to  be  2056  K  using  the  code  of 
Svehla  and  McBride.  Note  the  agreement  of  the  adiabatic  and  measured  flame 
temperatures  which  indicates  that  there  is  little  heat  loss  to  the  burner. 
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Figure  4.  Flame  Spectra  Taken  at  Various  Heights  in  H2/N2O/N2  Flame 

An  estimate  of  the  absolute  density  of  the  NH2  requires  knowledge  of  the 
overlap  of  the  laser  line  with  the  molecular  transition.  The  overlap  is  very 
difficult  to  determine  in  the  case  of  a  single  transition.  This  results 
because  the  overlap  is  extremely  sensitive  to  the  exact  spacing  between  the 
laser  line  and  the  molecular  transition.  (A  few  hundredths  of  a  cm-^  can  make 
a  large  difference  -  see,  for  instance,  Ref.  29a.)  One  might  at  first  think 
that  this  sensitivity  would  become  even  more  troublesome  when  two  transitions 
are  simultaneously  pumped  because  of  the  higher  spectral  complexity.  However, 
in  the  present  case  we  have  been  able  to  turn  this  complication  to  our 
advantage  and  determine  the  relative  overlaps  of  the  laser  line  with  the  two 
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Figure  5.  Relative  HHj  Fluorescence  Intensity  and  Temperature  as  a 
Function  of  Position  in  the  l^/^O/N^  Flame.  The  relative  NHj  density 
profile  is  identical  to  the  intensity  profile.  An  estimate  of  the 
peak  density  is  given  in  the  text. 


pumping  transitions.  This  in  turn  has  allowed  the  determination  of  the 
relative  position  of  the  laser  line  with  respect  to  the  two  transitions  with  a 
precision  of  ±0.01  cm  .  The  availability  of  the  resolved  fluorescence 
spectrum,  Figure  1,  allows  this  determination  to  be  made.  We  first  note  from 
Figure  1  that  there  is  very  little  rotational  transfer  to  states  other  than 
the  pumped  levels.  In  addition,  recall  that  experiments  of  Kroll1  and  of 
Halpern,  et  al.,  indicate  that  there  will  be  very  little  rotational  energy 
transfer  between  the  two  pumped  levels  because  the  ortho-para  transfer  is 
quite  slow.  We  assume  that  the  quenching  rate,  Q,  for  the  two  directly  pumped 
levels  is  equal.  Under  these  conditions  it  is  readily  shown  that  the  relative 
emission  intensity  in  the  two  strong  N  branch  lines  of  Figure  1  is  given 
by 


Sj/Sj  "  B jO ^ N j / A2 2^2 


(1) 


where  S.  and  S2  are  fluorescence  signals  from  the  2Q2-312  and  3qj-4J3 
transitions,  respectively.  (Note  that  we  have  also  made  the  tacit  assumption 
that  spin-splitting  of  the  (0,11,0)  ♦  (0,2, 0)1  pumping  transition  is 
negligible.  This  is  true  for  the  (0,11,0)  -  (0,0, 0)E  band  (see  Ref.  2). 
However,  no  measurements  are  readily  available  for  splittings  in  the  pumped 
vibrational  band.)  Aj  and  A2  are  the  respective  Einstein  emission 
coefficients  for  these  transitions.  Bj  and  B2  are  the  Einstein  absorption 
coefficients  for  2q2_2j2  and  3q3-3j3  in  the  (0, 11 ,0)-(0,2,0)£  band, 
respectively,  and  and  <?2  are  the  respective  overlaps  of  the  pumping 
transitions  with  the  laser  line.  N^  and  N2  are  the  densities  of  2j2  *nd  3jj 
in  the  (0,2,0)  ground  state  level.  Making  the  assumption  that  the  electronic 
transition  moment  is  unaffected  by  changes  in  N  or  Kc  within  a  given 
vibrational  band,  one  finds  that  the  Einstein  coefficients  are  proportional  to 
Sni^,|/(2N,'*-1)  ,  where  is  the  rotational  linestrength ,  ignoring  spin¬ 

splitting,  for  the  appropriate  transition.  It  should  be  noted  that  Green  and 
Miller31  using  a  high  resolution  laser  scan  have  found  that  the  oscillator 
strengths  of  individual  lines  in  a  spin-split  N  doublet  from  the  (0,9,0)- 
(0,0, 0)1  band  are  identical.  This  result  is  probably  not  serendipitous. 
Satellite  transitions  for  which  AJj*AN  are  very  weak  even  at  the  lowest  N 
values.  1  When  this  is  Che  case,  one  expects  to  find  nearly  equal  oscillator 
strengths  for  the  two  spin-split  lines.  Therefore,  the  assumption  that  spin¬ 
splitting  may  be  ignored  in  the  calculation  of  main  branch  linestrengths  is 
justified.  The  S^i^h  were  calculated  using  the  direction  cosine  matrix 
elements  of  Cross,  et  al.,  and  the  eigenvectors  resulting  from  the 
diagonalization  of  a  Wang  transformed  asymmetric  top  Hamiltonian  without 
spin.  It  should  be  stressed  here  that  the  ground  and  excited  state 

asymmetry  parameters,  <c ,  are  not  assumed  to  be  the  same,  as  in  the  earlier 
work,  » 18  but  are  calculated  to  be  “3.84  and  -1,  respectively,  as  determined 
from  the  observed  spectral  parameters.  8  Since  the  upper  state  is  quasi- 
linear  with  £  character,  only  matrix  elements  having  K'”0  are  possible.  For 
the  type-c  transitions  considered  here,  nonzero  direction  cosine  matrix 
elements  result  when  AK»±1.  Consequently,  the  only  allowed  transitions  are 
for  K"*l  levels.  For  Q  branch  transitions,  for  which  sn'm»/(2N"+1 )  *  V2  in  the 
limiting  symmetric  top  case,  the  calculation  reduces  to  tne  very  simple  form 


N'N" 


2N"+1 


"2 

CK-1/2 


(2) 


where  cj£„j  is  the  mixing  coefficient  of  the  K"*l  level.  The  necessary 
linestrengths,  normalized  to  2N'+1,  are  given  in  Table  2.  The  ratio  Nj/Nj  is 
given  by  the  appropriate  Boltzmann  fraction  at  the  measured  flame  temperature 
of  ~2000  K.  Finally,  S./S2  may  be  obtained  from  the  ratio  of  the  appropriate 
peak  heights  in  Figure  1.  Thus,  the  value  of  Oj/o2  determined.  While  the 
relative  position  of  the  laser  line  with  respect  to  the  two  pumping 
transitions  is  not  know  very  precisely  from  prior  measurements  (see  Table  1), 
the  splitting  between  the  two  NH2  pumping  transitions  is  known.  (The  problem 
of  relative  spacing  of  the  laser  line  and  pump  transitions  arises  because  no 
one  has  measured  the  NH2  and  Kr  line  positions  simultaneously.  In  fact,  the 
relevant  NH2  lines  have  never  been  directly  observed.  In  addition,  the  Kr+ 
line  position  is  only  known  to  ±0.12  cm  .  It  is  therefore  difficult  to  place 
the  pump  line  relative  to  the  NH2  transitions  to  within  better  than 
0.12  cm-1.)  Therefore  by  making  appropriate 


:e  assumptions  about  the  lineshapes, 


one  may  calculate  Oj  and  o2  as  a  function  of  the  relative  laser  line 
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4 

a 


position.  We  assumed  that  the  NH«  transitions  are  Doppler  broadened  at  the 
measured  flame  temperature  of  ~2000  K  (line width  ~0.12  cm-*  FWHM) .  Note  that 
previous  measurements  on  OH  in  a  flame  at  atmospheric  pressure4”  and  on  NH2  at 
low  pressure^1  indicate  that  collisional  broadening  is  probably  a  very  small 
correction.  The  laser  line  was  assumed  to  be  Doppler  broadened  at  300  K 


-1 


(linewidth  ~0.02  cm  1  FWHM).  0j  and  0,  were  rewritten  in  terms  of  a  single 


variable,  Av ,  the  spacing  between  the  2  02-212  transition  and  the  laser  line. 
An  iterative  procedure  was  then  used  with  Eq.  (1)  and  the  observed  intensity 
ratio  to  obtain  Av .  The  results  were  surprisingly  insensitive  to  the  laser 
linewidth  (this  is  a  very  important  point  because  the  laser  line  could  easily 


be  power  broadened;  a  range  from  0.01  -  0.10  cm-^  was  tried),  temperature 
within  its  error  limits  of  ~±50  K,  the  ratio  S^/S*  within  its  error  limits  and 
the  splitting  of  0.18  cm”  between  the  2q2“2^  an“  303-313  tran®iti°ns  (see 


Table  1).  The  latter  was  varied  from  0.16  -  0.20  cm'  .  (This  range  was 
chosen  based  on  our  estimated  uncertainty  of  ±0.02  cm-1  in  the  calculated 
splitting  of  the  lines.)  The  laser  line  position  was  thus  determined  to  be 
between  the  two  pumping  transitions,  0.06  ±  0.01  cm-1  from  the  2q2~2^ 
transition.  In  addition,  relative  values  of  the  pumping  rate,  B^N^o^  + 
B2N2°2'  were  also  determined.  Error  limits  on  the  input  data  were  such  that 
these  relative  values  only  varied  by  ±15Z  from  the  optimum  value. 


Table  2.  Lines trengtha 

for  the  Overlap  Calculations 

Transition 

SN'N"/(2N'+1) 

Absorption  [(0,11,0) 

♦  (0,2,0)] 

202-212 

0.3000 

303-313 

0.4979 

Emission  [(0,11,0)  ♦ 

(0,0,0)] 

202— 3 1 2 

0.3959 

303-413 

0.3403 

Having  knowledge  of  the  relative  line  positions  and  the  overlaps  of  the 
two  pumping  transitions  with  the  laser  line,  we  proceeded  to  calculate  an 
estimate  of  the  absolute  density  using  the  methods  discussed  in  detail  in  Ref. 
29a.  Franck-Condon  factors  (FCFs)  for  the  appropriate  vibrational  bands  were 
obtained  from  the  work  of  Jungen,  Haliin,  and  Merer. 4y  The  FCFs  were  combined 
with  the  transition  moment1  (obtained  via  LIF  lifetimes  measurements)  to 
obtain  Einstein  A  coefficients  for  the  vibrational  bands  of  interest.  The  NH2 
partition  function  was  calculated  as  in  Ref,  31.  The  quenching  rate  constant 
used  was  that  obtained  by  Halpern,  et  al.,  for  pure  N2.  (It  is  interesting 

to  note  that  their  rate  constant  is  quite  close  to  the  expected  hard-sphere 
collisional  rate  constant).  This  yields  a  quenching  rate  of  1.47x10^  sec  at 
the  flame  temperature,  assuming  the  quenching  cross  section  does  not  vary  with 


* 

A 


temperature,  pie  only  maior  difference  in  the  present  determination  and  that 


for  C- 


to  the  N 


pie  only  maic 

and  and  MCO30  is  that  the  NH,  fluorescence  intensity  was  compared 

anti-Stokes  (rather  than  Stokes) 


available  (see  Figure  4). 
signal  is 


Q-branch  signal  which  was  readily 
The  appropriate  equation  for  the  anti-Stokes  Raman 


EAS  *  (Po/hV°t(VVAS)HN, 


(3) 
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where  E^s  is  the  number  of  anti-Stokes  photons  detected  per  unit  time,  P 
the  laser  power,  is  the  Raman  scattering  cross  section  for  N2,  v  and  \>as 
are  the  laser  and  anti-Stokes  frequencies,  respectively,  nN2  is  the1 density  of 
N2  (known  from  equilibrium  flame  calculations),  L  is  the  length  of  the  excited 
region  viewed  by  the  collection  optics,  ft  is  the  collection  optic's  solid 


angle,  and  e  is  the  detector  efficiency.  Finally,  R  is  given  by 


-  f ,  G/  I  G 
v“ 1  v“0 


(4) 


where  G  »  (v>l Jexpi-Ey/kT) .  Equation  (4)  accounts  for  the  fact  that  v-0  is 


not  active  in  the  Raman  anti-Stokes  branch  of  N 


2‘  The  sums  in  Eq.  (4)  were 


truncated  at  y*5.  The  resulting  estimated  peak  density  of  NH2  in  the  flame 
was  9.3  x  1013  — _3 


cm 


Before  leaving  this  section,  two  points  should  be  made  concerning  the 
estimated  peak  density.  The  first  is  that  if  the  quenching  rate  were  very 
well  known,  the  error  limits  for  the  absolute  density  would  only  be  about 
±20X.  The  major  source  of  this  error  is  in  the  calculation  of  overlaps  of  the 
laser  line  with  the  molecular  transitions.  However,  our  assumed  quenching 
rate  estimated  using  the  cross  sections  of  Halpern,  et  al.,  b  is  probably  only 
good  to  within  a  factor  of  about  2-3.  This  is  the  case  because  all  of  the 
surrounding  gas  was  assumed  to  be  N2,  while  in  fact  only  about  60Z  of  it  is, 
the  rest  being  composed  mostly  of  nearly  equal  parts  of  H2  and  HjO.  (The 
combined  concentration  of  other  species  is  expected  to  be  less  than  10X  at  the 
point  where  the  measurements  were  performed  and  is  not  considered  further.) 
Also,  the  quenching  rate  of  NH2  by  N,  was  measured  at  about  298  K.  The 
measured  flame  temperature  was  much  higher  than  this.  There  is  no  guarantee 
that  Che  quenching  cross  section  is  constant  vs.  temperature  as  was  assumed. 

In  addition,  the  quenching  measurement  of  Halpern,  et  al . ,  was  performed  for  a 
different  excited  state  vibrational  level  than  was  pumped  in  the  present 
work.  Halpern,  et  al.,  have,  however,  shown  that  the  quenching  rate  is 
constant  vs.  vibrational  level  pumped  for  NH^  quencher.  Since  the  measured 
density  is  proportional  to  Q,  error  limits  in  the  density  are  also  a  factor  of 
2-3.  Of  course,  the  relative  density  profile  of  Figure  5  has  much  higher 
precision  than  this.  The  value  of  Q  used  is  given  so  that  the  absolute 
density  may  be  corrected  if  better  estimates  of  Q  become  available.  The 
second  point  we  would  like  to  make  is  that  the  Einstein  coefficients  computed 
for  NH2  are  believed  to  be  quite  accurate.  To  investigate  this  further, 
measured  and  calculated  oscillator  strengths  for  two  transitions  are  compared 
here.  In  rich  NHj/02  flames,  previous  work  has  shown  that  the  reactions 


mh2  ♦ 


OH  -  NH  ♦ 
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(S) 
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are  rapidly  equilibrated 


32,50,51 


If  one  knows  thermodynamic  data  precisely 


enough,  equilibrium  constants  for  (5)  and  (6)  may  be  calculated.  Thus,  by 
doing  appropriate  absorption  measurements  on  reactants  involved  in  (5)  and 
(6),  one  can  determine  oscillator  strengths  for  the  NH,  transitions.  Chou, 
an,  and  Stern^*  thus  found  an  oscillator  strength  of  2.04i0.44xlQ-4*  for  the 


Qj  N  7  transition  in  the  (0 ,9 ,0)-( 0 ,0 ,0)1  band.  However,  usingcdif ferent 


dati"they  laterJ*c  found  thia  oscillator  strength  to  be  '•6.4xl0~^.  The 
Q,  N  4  transition  in  the  (0, 12 ,0)-(0,0,0)£  band  similarly  has  had  two  very 
different  oscillator  strengths  reported.  Nadler,  Wang,  and  Kaskan5  found  t 


-4  ~  '*<  1 

value  of  ~4xl0  for  this  oscillator  strength.  Fisher  later  performed 


aessureaents  under  very  similar  conditions  and  found  a  value  of  2.4*0.8x10”^ 
for  this  quantity.  He  attributed  his  different  result  primarily  to  the  use  of 
newer  thermochemical  data.  Calculated  oscillator  strengths  for  these  two 
transitions  were  obtained  in  the  following  manner.  Einstein  A  coefficients 
for  the  (0 ,9 ,0)-(0 .0 ,0)1  and  (0, 12 ,0)-(0,0,0)i  bands  were  calculated  using  the 
transition  moment  and  calculated  £CFs.  c  •■*’ -  -*  n  'Cl  ---* 


*4 


.709  were  then  calculated  for  the 
Qq  ^4  line  in  the  latter 


Sn,(|,,/(2N,  +  1)  values  of  0.451  and 
7  line  in  the  former  band  and  the 


band,  respectively.  One  finds  these  values  lead  to 
Einstein  A  coefficients  of  3.65  ♦  0.37  x  10  sec  *  and  7.09  ♦  0.71  x  10  sec-* 
and  oscillator  strengths  of  1.96  ±  0.20  x  10~  and  2.84  ±  0.28  x  10”2*, 
respectively.  Error  limits  here  arise  from  the  error  limits  reported  in  the 
fit  of  experimental  data  to  yield  the  transition  moment.  The  fact  that  the 
two  calculated  oscillator  strengths  are  nearly  identical  is  coincidental.  The 
measured  oscillator  strengths  are  of  the  correct  order  of  magnitude  to  agree 
with  our  calculated  values.  However,  the  measured  oscillator  strengths  are 
quite  sensitive  to  the  exact  choice  of  thermochemical  data  used,  in  particular 
the  heats  of  formation  of  NH  and  NHj.  It  would  appear  that  our  calculated 
oscillator  strengths  are  presently  the  best  choices  for  these  quantities  and 
are,  in  fact,  much  sK>re  accurate  than  the  measured  values.  We  believe  this  to 

A  Q 

be  the  case  because  the  FCF  calculations  of  Jungen,  et  al.,  coupled  with  the 
ab  initio  transition  laoment  of  Peyerimhoff  and  Buenker’2  yield  lifetimes  of 
various  vibrational  levels  of  the  A  s^ate  of  NH2  in  excellent  agreement  with 
experiment.  (A  calculation  of  the  A-X  transition  moment  in  Ref.  53  results  in 
a  value  somewhat  different  from  that  in  Refs.  18  and  52,  probably  because  no 
configuration  interaction  was  included.  These  calculations  were  only  carried 
out  at  the  MCSCF  level  because  the  primary  interest  was  in  mapping  out  the  NH., 
potentials,  not  in  determining  the  A-X  transition  moment.)  In  addition,  the 
transition  moment  from  the  fit  to  experimental  data1  is  in  very  good 
agreement  with  the  ab  initio  result.  Finally,  ab  initio  calculations  of  the 
relative  vibrational  band  intensities^  are  in  reasonable  agreement  with 


calculated  FCFs  from  the  serai emp i r ica 1  fitting  procedure. 
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NH  and  NH,  heats  of  formation  and  the  NH,  escalator  strengths 
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the  flame  measurements  is  currently  underway. 


A  review  of  the 
al  culated  from 


IV, 


CONCLUSIONS 


Laser  excitation  of  NH,  using  the  b471A  line  of  a  Kr*  laser  has  been 
observed.  This  line  simultaneously  pumps  two  rotational  transitions  m  the 
(0, 1 1  ,0)  —  (0,2,0)11  vibrational  hot  band.  The  fluorescence  spectrum  was  used  to 
extract  a  precise  measurement  of  the  relative  placement  of  the  laser  line  and 
the  two  pumping  transitions.  In  addition,  a  precise  relative  density  profile 
of  NHj  in  an  H2'N2(>/N,  flame  was  obtained.  An  estimate  ut  the  peak  lensitv 
1 1  so  determined. 


was  a  l 
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Use  of  LIF  Co  determine  absolute  flame  radical  densities  has  historically 
been  hampered  by  a  lack  of  knowledge  of  the  quenching  rates  of  the  excited 
species  by  flame  molecules.  Several  methods  for  circumventing  this  problem, 
including  measurement  of  Q  in  low  pressure  flames,  were  reviewed  in  Ref.  56. 
Recently  Bechtel  and  coworkers3  have  shown  that  Q  may  be  directly  measured  in 
atmospheric  pressure  flames,  via  fluorescence  lifetime  measurements,  using  an 
ion  laser  pumped,  picosecond,  doubled  dye  laser  system.  Our  observation  of 
coincidences  of  ion  laser  lines  with  transitions  of  several  radicals  suggests 
that  the  direct  measurement  of  Q  in  atmospheric  pressure  flames  might  be 
accomplished  by  simply  using  a  picosecond  ion  laser  to  pump  these  radicals. 

The  absolute  radical  density  could  then  be  obtained  from  (amongst  other  more 
well-known  parameters)  the  LIF  signal  strength,  the  measured  value  of  Q,  and  a 
knowledge  of  the  overlap  of  the  laser  line  with  the  molecular  transition.  Of 
course,  the  latter  is  known  precisely  only  for  the  NHj  radical  from  the 
present  work.  Measurement  of  this  parameter  could  be  difficult  for  other 
radicals.  However,  it  should  be  pointed  out  that  OH,  which  is  very  important 
chemically  in  combustion  systems,  is  one  of  the  radicals  which  may  be  pumped 
with  the  Kr  laser.  a  Therefore,  some  research  in  this  direction  should 
prove  to  be  valuable. 
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